eastern margin of a larger area modelled by Jentzsch & Siehl (2002) aims at the construction of a kinematic model of a typical small faulted domain with detailed spatial information on strata and fault geometry. The objective is to learn more about the characteristic mechanical behaviour of the graben infill which could be upscaled to the structural development of a larger area within the rift system. For this purpose a new method for balanced volume-controlled 3D-restoration of a system of independent fault-delimited volume blocks is developed, that permits relative displacements of blocks at faults without affecting internal consistency.
The methods used in the Bergheim study for a balanced kinematic restoration and visualization are different from those applied in earlier studies (Alms et al., 1998; Jentzsch & Siehl, 1999) .
Instead of using a variant of the 'inclined shear' technique (White et al., 1986) for the restoration of geological sections or of stratum surfaces at a small number of listric normal faults, we model the balanced displacements of volume blocks delimited by more than hundred faults, controlled only by the geometric configuration of the study area, using Rouby's method of restoration in map plane (Rouby et al., 1996 (Rouby et al., , 2000 . For interactive modelling and for visualization no vertical exaggeration in scale is necessary, as lateral and vertical extensions are of the same order of magnitude.
The data
Open-pit lignite mines operated by the mining company Rheinbraun AG (Köln) have provided an excellent three-dimensional database in the southern part of the Lower Rhine Basin. It consists of well log information and in mining areas also of series of closely spaced detailed lithological cross-sections, designed by mining geologists and surveyors, available to us by courtesy of the company. The area studied in the Bergheim mine, has a size of 2 km x 2 km, with a relative depth of about 500 m. The initial data of this study consist of a set of about 20 SW-NE-directed geological sections at a scale of 1:2000, arranged parallel to each other at distances of nearly 200 m (Fig. 2) .
There are approximately 130 faults to be included in the model as sliding surfaces. The fault pattern is modelled in detail to a depth of circa 500 m. On such a small, near-surface, section, no listric form of the normal faults can be observed. Instead, in each section, most of the faults can be approximated by straight lines. The fault pattern in three dimensions, however, is quite intricate, whereas the sedimentary stratification between faults is rather regular, with the Upper Miocene main lignite seam of about 100m thickness in the middle part of the sections. The geological sections used as input data in this study are the most complete and reliable database available for this part of the Lower Rhine Basin. The underlying primary data derive from exploration wells and open pit mines, most of which are already exploited, refilled and recultivated, so they are not longer accessible. There is no seismic coverage of the area.The sections have been produced by various surveyors at different times and can be contradicting in some details, so they have to be adjusted for plausibility in the course of the three-dimensional reconstruction. It is therefore not possible to provide space-filling supporting primary data for the total 3D-model. Instead, we have to experiment with alternative process-oriented hypotheses of structural development to find the geologically most plausible solution, ensuring spatial consistency.
In the unconsolidated sediments only few indicative traces of details of the deformation kinematics are preserved. Observations at the exposed normal fault systems (Dethloff, 1993; Seidemann, 1993) document a relatively simple extensional regime, whereby a slight transtensional component (Plein et al., 1982; Klostermann, 1983; Schreiber & Rotsch, 1998) cannot be excluded. GPS-measurements of the recent tectonic movements in the Lower Rhine Basin (Campbell & al., 2002 ) indicate a horizontal extension in general east-west direction of up to 2 mm/a. Vertical subsidence amounts to at least 2 mm/a, as can be concluded from an earlier geodetic survey before groundwater drawdown due to mine water drainage (Quitzow & Vahlensieck, 1955) .
Because a priori knowledge of the displacement field of the faulted blocks is only approximative, we try to conclude the kinematic sequence of deformation from the geometrically possible backward restoration of the accumulated deformation pattern, taking compaction into account. The resulting sequence of block movements and deformations should represent the simplest pattern and should not contradict the criteria of a corresponding deformation field as mentioned above. From the analysis of the modelled displacement field we expect to gain additional insights into the structure-forming processes and their parameters. This type of procedure is typical for reconstructions of complex geological systems, which are not sufficiently supported by hard data and thus are underdetermined. There is no unique solution of such an inversion process; instead we usually obtain a set of approximately correct results. They can be evaluated on the basis of additional geological knowledge, which is not contained in the data -e.g. the rare displacement indications of single block movements. Taking the most plausible solution as initial stage of forward process modelling, better established constraints can be set as it was possible at the beginning of the study.
Volume balanced restoration of the study area
The geological sections of the study area provided by Rheinbraun AG are less than 500 m deep, and in general, fault lines can be considered as almost straight lines. Displacements along antithetic faults are almost negligible. Within each block, variations of depth and thickness of layers, and also the interior deformation of each horizon are small (tab.1, Fig. 3 ).
On the other hand, the number of faults is considerable, as is the number of resulting 3D blocks. As a b l o c k strat um surfa ce f a u l t stratum Fig. 3 . Displacements measured along fault and dip of stratum surface within a block. ∆(x,y), ∆z are the horizontal and vertical distances between corresponding points of a stratum surface on both sides of a block resp. fault. consequence, the 3D fault pattern is intricate. Moreover, our aim is to investigate 3D displacements rather than movements constrained to geological sections. The chosen reconstruction method therefore is based on relative movements at discontinuities of a large number of blocks.
Outline of the 2D case
Before discussing the 3D restoration, let us first consider movements constrained to be parallel to 2D sections. Within each section, rigid body movements of each block along the synthetic fault lines can be assumed in first approximation, which obviously preserve area respectively volume, but result in small gaps and overlaps at block borders. For each block there is one degree of freedom of movement, which for a given time step is uniquely determined by the reconstruction of the corresponding horizon. The result is a sequence of configurations at different time steps and a sequence of linear relative displacements from the actual geometry. These movements then have to be composed into a consistent sequence, which in this case is a simple task. As for every block, the amount and direction of displacement varies from one geological section to the next, linear interpolation of the displacement vector can be used, resulting in a shear which leaves the block volume unchanged, implying, however, a deformation of the 3D-blocks. If the remaining small differences in height within the reconstructed layer surface are to be equalised, a shear may also be applied to each block prior to block displacement. For an area-balanced reconstruction of a geological section, we need to deform the individual sections of different strata according to a compaction model, using a similar approach as applied by Jentzsch & Siehl (2002) .
Determination of horizontal displacements in 3D using Rouby´s method
Instead of a balanced restoration in parallel vertical planes with essentially only one degree of freedom for a given shear method, our aim is to determine more general movements in 3D. This is achieved using Rouby´s method (Rouby et al., 1996 (Rouby et al., , 2000 Rouby et al.,1996) . The centre of gravity c of a block is shifted and the block is rotated clockwise such as to minimise the sum of squared distances between neighbouring block boundaries z and z'.
To restore the top stratum surface, the vertical component of a displacement field is determined by moving the points of the surface into the map plane (z = 0), either by a vertical translation, or, if necessary, by vertical or by homogeneous shear with given azimuth and dip. Due to the small amount of variation of dip and thickness of strata (cf. tab.1.), in the Bergheim block-faulting model a special unfolding step does not seem to be necessary, in contrast to the case investigated by Rouby et al. (2000) in the Niger Delta area.
By a sequence of translations and rotations, the surface patches in the map plane are displaced in such a way, that the sum of squares of all gaps and overlaps between neighbouring patches attains a minimum. This problem of non-linear optimisation is approximately solved by an iteration method, and the outcome depends on the initial configuration, the number of iterations, a threshold value, and the order of steps. The result is a horizontal displacement field for each block (Fig.5) .
The horizontal vector field is combined with the initial vertical component, and the resulting 3D-displacement field is projected onto the subsequent horizons within each block. The resulting movement is equivalent to a combination of rotation, translation, and shear, and can be applied to all points of the model, using interpolation where necessary.
In order to eliminate the remaining (minimal) gaps and overlaps, the patches may be subjected to a certain deformation, which is bound to leave the average area of the stratum top surface constant. Whereas the other operations do not affect the volumes of blocks or of parts of strata within blocks respectively, this operation has to be monitored in order to keep the area of the respective stratum boundary surface of each block constant.
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Once possible restorations of individual horizons are determined, we are left with the task to combine them into a sequence of movements (Fig. 6 ). This task may well turn out to be very complex since we are dealing with movements in three dimensions and Rouby's algorithm may well yield different possible approximate solutions for each horizon. However, Rouby et al. (2000) have shown that the resulting displacement fields are quite stable with regard to variations of the preceding unfolding mechanism, e.g. of shear dip, as well as of such parameters of the map plane restoration algorithm as block cuts and choice of starting block to be kept fixed. The solution will imply consideration of geological knowledge not initially included in the data.
Compaction
For each block and for every time interval, a vertical section through the block is established, for which the effects of compaction are calculated, following Jentzsch & Siehl (1999) . In this particular case, compaction simply results in a vertical contraction of a block and its layers through time. A problem will occur at inclined fault planes, when neighbouring layer sections show different compaction rates, which may result in inconsistent deformations of the boundary surfaces.
The 3D-geometry model
The geometry model consists of a large number of volume blocks (Fig. 7) bordered by faults and section surfaces, each block consisting of a number of parallel strata with different lithological properties (cf. Thomsen et al., 1998; Pongratz, 1999) . The model is of the 'boundary representation' type, the volume cells being delimited by parts of: fault surfaces, layer boundaries and digital terrain model (DTM), artificial boundaries mostly following the geological sections.
This model was chosen to meet several requirements: The static 3D-geometry model is to be used as the basis for the construction of a kinematic model, and thus of a time-dependent 3D(t)-geometry. A consistent mesh comprising the whole model, however, is not appropriate, as any discontinuity of displacement inevitably results in the destruction of the continuous mesh. Therefore, a system of independent fault-delimited volume blocks is built, that permits relative displacements of blocks without affecting internal consistency. At the contacts of these blocks special fault objects are used to handle the unavoidable small geometrical inconsistencies.
For the interactive modelling of the geometry and for storage and retrieval, we decided to use existing software as far as possible, a requirement that limited the choice of meshing models. The GOCAD Model 3D structure (Mallet, 1992; GOCAD, 1997 ) is a variant of the boundary representation type which supports the construction of both triangulated surfaces and block volumes and also checks of internal consistency of each block during the interactive building of the model. In addition, the GOCAD data format pro- vides a straightforward data interface to Rouby's algorithm (Rouby et al., 1996) for the restoration in the map plane.
Modelling faults by a new object class
As we design a balanced kinematic 3D-model, the following problem arises: the consistency of the meshing of a 3D-model built of blocks which are separated by single fault surfaces is destroyed by the slightest relative displacement of neighbouring blocks. For continuous movements, there is no way to avoid such inconsistencies, because the mesh that defines the internal topology of a triangulated surface is a discrete structure that can only be modified stepwise, but not continuously. The only possible way to overcome this problem is to control the resulting errors. For this purpose, fault discontinuities are modelled as distinct objects (Fig. 8) .
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Integration with GeoToolKit and different software tools
In the Bergheim study, the same geometry model is handled by different software tools for different purposes ( Fig.9) : -interactive design and visualization of the 3D-geometry with GOCAD (1997 GOCAD ( , 1999 , -storage and retrieval with GeoToolKit/GeoStore (Balovnev et al., 1997 (Balovnev et al., , 2000 , an object-oriented geometry database tool developed in the context of Breunig et al. (2002) , -balanced restoration with own software and with Rouby's program (Rouby et al.,1996) , -animation with GRAPE (1997). These components are from different sources and use the GeoToolKit geometry database for storage and retrieval of geometry objects.
Why an object-oriented geometry database?
The entire 3D(t)-geometry model will be too big for efficient interactive handling -so we must be able to store and to retrieve parts of the model selected on geometrical and geological criteria. A larger geological model should also allow for shared access by different users via network. Changes (updates) to the model geometry have to be kept consistent by transaction management. Only a database management system (DBMS), specially designed for geometric modelling, can provide such services.
The complex data structure of a time-dependent 3D-geometry model, however, cannot be mapped onto a traditional relational data model without a lot of overhead and a number of workarounds, if no information on the structure of the model is to be lost. Moreover, only an object-oriented database system allows for the integration of specific methods for the handling of 3D-geometry and of time dependency. Therefore, in close co-operation with the working group of A.B. Cremers at the Institute of Computer Science III of Bonn University, an object-oriented software for the storage and retrieval of the 3D-geometry has been developed (Alms et al., 1998) , which is based on GeoToolKit (Balovnev et al., 1997 (Balovnev et al., , 2000 . GeoToolKit provides a set of object-oriented software tools for spatial data maintenance. It is tightly coupled with the object-oriented DBMS ObjectStore.
Portable common data model
The main problem of integration is to establish a data model of 3D-and time-dependent geometry that is portable to all software components. For practical purposes, the 3D-geometry model is based on the GOCAD 3D-model structure -a boundary representation of each fault delimited block. GOCAD 3D-models are automatically checked for geometrical consistency during their construction. They preserve the surface patches ('TFACE' in the GOCAD nomenclature) of the boundary representation, which can be handled separately, if needed. A corresponding data structure is defined in GeoToolKit on top of the existing geometry classes. Rouby's program also uses the GOCAD format of the surface elements, and a corresponding data structure can be emulated in GRAPE (1997) . The representation of faults as separate entities, sharing boundary surfaces with blocks, is an extension to the possibilities of GOCAD, but uses GOCAD triangular meshes as components.
For the representation of time-dependent objects, we use a time scene tree following Polthier & Rumpf (1995) and GRAPE (1997) . Such a data structure supports a flexible handling of changes of the mesh through time. The GRAPE software is also used for the visualization of movements. As long as the meshing does not change, simple movements of surface patches can be represented also within GOCAD, using 3D-surfaces with attached displacement vector fields and GOCAD scripts to control the modification of point coordinates.
The implementation of the time-dependent geometry data base software is under way, based on an extension of the GeoToolKit developed at the Institute of Computer Science III. It will also provide for a virtual reality modelling language (VRML) interface. 
Outlook: possible extensions of the present study
The present geometry model may serve as a base for a numerical model using a 3D-extension of Waltham's method. Waltham (1989) showed that the problem of an area-balanced restoration of a 2D-geological section can be reformulated as solving the continuity equation for a displacement field with appropriate initial and boundary conditions. This differential equation alone, however, is not sufficient to account for all degrees of freedom of the problem. To achieve uniqueness of the solution, the geologist must supply a field of directions of displacements. A similar approach might be used for an extension of the Bergheim study, as the method makes no assumption about the shape of the fault surfaces. Such a numerical model would require solving a partial differential equation for each fault-delimited block. The solution would be balanced and smooth within each block. However, it would still not model any forces applied, nor any mechanical property of the strata considered. These would only be taken into account by a numerical model of the dynamics of basin development, the discussion of which is beyond the scope of the present paper. However, the kinematic model established by empirically backward restoring earlier configurations may serve to gain some insight into the stress field, and to help to define suitable initial configurations and constraints for dynamical forward modelling.
The Bergheim model is one of two alternative approaches to the problem of a balanced restoration at different scales; the other one is the model of the Lower Rhine Basin by Jentzsch & Siehl (2002) . Besides the question of compatibility of the two geometries and of the solutions found by different methods at different scales, the interesting data modelling problem arises, how different versions of the same abstract geometrical object (volume block, stratum surface) should be handled, representing different levels of generalisation (Fig. 10) 
